Preclinical models that can accurately predict outcomes in the clinic are much sought after in the field of cancer drug discovery and development. Existing models such as organoids and patient-derived xenografts have many advantages, but they suffer from the drawback of not contextually preserving human tumour architecture. This is a particular problem for the preclinical testing of immunotherapies, as these agents require an intact tumour human-specific microenvironment for them to be effective. In this review, we explore the potential of patient-derived explants (PDEs) for fulfilling this need. PDEs involve the ex vivo culture of fragments of freshly resected human tumours that retain the histological features of original tumours. PDE methodology for anticancer drug testing has been in existence for many years, but the platform has not been widely adopted in translational research facilities, despite strong evidence for its clinical predictivity. By modifying PDE endpoint analysis to include the spatial profiling of key biomarkers by using multispectral imaging, we argue that PDEs offer many advantages, including the ability to correlate drug responses with tumour pathology, tumour heterogeneity and changes in the tumour microenvironment. As such, PDEs are a powerful model of choice for cancer drug and biomarker discovery programmes.
BACKGROUND
Cancer drug discovery and development is a challenging and expensive task, with estimates in 2015 suggesting that the development of a single new drug to the stage of regulatory approval costs~$3 billion. 1, 2 Prior to approval, a new agent must pass through preclinical model systems and early-phase clinical studies in order to determine the mechanisms of action, probable efficacy and safety before assessment in randomised controlled trials (RCTs). Around 60% of new anti-cancer agents fail in RCTs, 2 and the success rate from first-in-human to registration in oncology is~5%a figure that is much lower than that for many other diseases. 3, 4 The reason for this attrition, despite huge investment, is the subject of much speculation, [5] [6] [7] [8] but key factors include market pressures, challenges with the underlying science and the regulatory landscape. 9 In terms of the scientific issues, the major causes of attrition have been determined to be a lack of efficacy (60% of failures), with safety issues accounting for a further 30%. 3 Ways to address this attrition have been extensively discussed and include; building stronger evidence for the mechanism of action; establishing better preclinical models for efficacy testing; developing improved biomarkers to prove specific on-target response; earlier elimination of compounds with adverse toxicity; better designed proof-of-concept clinical trials; taking stronger decisions for discontinuation based on evidence at an earlier stage of the process. The assessment of all of these parameters is dependent on the availability of appropriate preclinical models that can be relied on to generate accurate, predictive data. 3, 4 Current approaches to studying the response of tumours to therapeutic agents comprise in vitro, in vivo and ex vivo models. Preclinical modelling has been compounded over the past few years by the increasing realisation that tumours are not as simple as was previously thought. There is now strong evidence for extensive inter-and intra-tumour heterogeneity both within and between human cancer samples 10, 11 and for a critical role of the tumour microenvironment (TME) in driving cancer hallmarks and in influencing drug responses. 12, 13 Indeed, the previous lack of appreciation for the diversity and complexity of human tumours might well have accounted for the attrition of many anti-cancer agents. An ideal 'modern' preclinical cancer model is one that can recapitulate both human tumour heterogeneity as well as the TME, and in the past 10 years or so, improvements have been made in available models to take into account this complexity. 14, 15 Despite this progress, there is a paucity of authentic preclinical models, particularly those that can predict responses to immunecheckpoint inhibitors, 16 as these models require an intact TME. In this review, we provide an overview of existing models, such as organoids and xenografts, before outlining the potential use of explants derived from cancer patients, known as patient-derived explants (PDEs), as an ex vivo model of choice for use in the drug discovery pipeline. ex vivo. In vitro and in vivo models rely on deconstruction of the original human tumours, and in some cases, subsequent reconstruction with combinations of select cell types and assessment of drug responses. By contrast, ex vivo models facilitate drug testing of intact human tumours, without any requirement for deconstruction or reconstruction. 17 A summary of available model systems is shown in Fig. 1 .
In vitro models
The starting point for preclinical research is usually twodimensional (2D) cancer cell lines, which are easy to manipulate and generate data rapidly. Many 2D cell lines that have been deconstructed from human tumours and cultured on plastic under in vitro conditions are available to the cancer research community. 18 These cell lines are valuable reagents for generating important biological and mechanistic understanding of cancer targets, as well as for the testing of anti-cancer agents. Indeed, with regard to drug discovery, the most significant development has been the compilation of the Genomics of Drug Sensitivity in Cancer (GDSC) database (www.cancerRxgene.org)a large public resource that provides information on drug sensitivity and resistance in cancer cell lines combined with molecular analysis of drug response. [19] [20] [21] This database has been constructed from an ongoing high-throughput screen of >1000 cell lines by the Cancer Genome Project at the Sanger Institute, UK and the Centre for Molecular Therapeutics at Massachusetts General Hospital, USA, and is an invaluable resource for the community by providing a first assessment of the molecular features that influence drug responses in cancer cells. However, the caveat that all data are generated in 2D cell lines, which lack a microenvironment and the heterogeneity of tumour cells observed in vivo, must be borne in mind when interpreting drug responses.
An advance on the 2D cell line is the 3D model, also known as an organoid. 17, 22 Organoids are generated by the deconstruction of fresh human tumours and culture of tumour-derived cells in a semisolid extracellular matrix under defined culture media conditions. In most cases, studies have been conducted on organoid cultures derived from primary tumours, 23, 24 although a few examples of successful cultures derived from metastatic cancer sites exist. [25] [26] [27] Patient-derived organoids have the advantage that tumour cells are grown in 3D, which is thought to better recapitulate growth in human tumours. Advances in tissue engineering technologies, such as new biomaterials and microfluidics, have facilitated improved culture quality and reproducibility in some circumstances. [28] [29] [30] It is also possible to incorporate heterologous, stroma-derived cells, such as cancerassociated fibroblasts, immune cells and endothelial cells 31 into 3D organoid cultures; some of these cells might be derived from the same patient, thereby effectively mimicking tumour growth in vivo. 32 A co-clinical trial compared the responses of organoids with anti-cancer agents with the responses of the same patients to matched anti-cancer agents in clinical trials and showed recapitulation of the responses in the clinic. 27 Several organoid cancer biobanks now exist for testing novel anti-cancer drugs, and organoids from healthy tissues are also available for toxicity testing. 23, 33, 34 In vivo models In vivo models mostly refer to mouse models for cancer and have been extensively reviewed elsewhere. 35, 36 Mouse models comprise xenograft, spontaneous or genetically modified models, with xenograft models being most widely utilised in the drug discovery pipeline for assessing drug safety, pharmacokinetic and pharmacodynamic properties as well as drug efficacy. Mouse xenografts can be generated by the transfer of human cancer cell lines, organoids or fresh tumours, generally into immunocompromised hosts, such as athymic nude mice or mice with severe combined immunodeficiency (SCID). The potential to propagate circulating tumour cells (CTCs) in mice has also been demonstrated, as shown by the generation of CDX (circulating tumour cells)-derived xenografts from CTCs obtained from patients with small-cell lung cancer. 37 An alternative is to use syngeneic or allograft mouse tumour systems in which mouse tumour tissues or cell lines are implanted into animals from the same genetic background, thus retaining an intact immune system. 38 Patient-derived xenograft (PDX) models, in which fragments of fresh tumours are transplanted and propagated in immunodeficient mice, have received considerable interest and have been utilised for both basic and translational cancer research, biomarker discovery, personalised drug screening and understanding the mechanisms of drug resistance. 24, 39, 40 Unlike cell line or organoid xenografts, PDX models have been suggested to retain the architecture and morphology of the original transplanted tumours, 41 even after serial propagation, although there is some evidence that clonal selection occurs over time, 42 so that the heterogeneity of the tumours may be lost.
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Circulating tumour cells Fig. 1 Available preclinical cancer models. In vitro and in vivo approaches generally involve deconstruction of the original tumours, and in some cases, reconstruction for subsequent assessment of drug responses, although patient-derived xenograft (PDX) models can preserve the integrity of original tumours following immediate transfer. Ex vivo approaches such as patient-derived explant (PDE) models assess drug responses directly in tumour samples obtained fresh from surgery without deconstruction/reconstruction. The schematic shows the cell types available for derivation and use in each model system.
An advantage of PDX models is that the propagated tumours can be excised and frozen, re-transplanted to new recipient mice and expanded at a later date. 42 This also allows for continuous expansion of the original tumour between multiple recipient mice. As a result, collections of PDX models are available through commercial or not-for-profit organisations, which allow the exchange of well-characterised PDX models for multiple solid tumour types. 43, 44 PDX models also have the potential to be used to make treatment decisions for patients using 'avatars' generated from patient-matched surgically resected tumours. A particular example of this has been described for pancreatic cancer, in which PDX models were used to identify personalised treatment regimens, leading to improved responses in patients. 44, 45 However, there are hurdles to the use of PDX models as avatars, an important factor being the fact that PDX generation does not work for all tumours, with implantation rates reported as being anywhere between 23 and 75%. 46 There is also a time delay associated with generating data from avatars, which compromise immediate patient treatment.
An important feature of any preclinical model is the ability to recapitulate the complexity of human tumours, including the TME. One of the problems with PDX models is that they make use of immunodeficient hosts and, although the tumour is not deconstructed prior to transplantation, infiltration of the TME by murine stroma occurs with serial propagation. This is a particular issue in the context of testing immunotherapies that work against humanspecific immune checkpoints, and therefore, there has been particular interest in developing methods for human immune reconstitution within PDX models. 47 Several approaches are under investigation to generate so-called 'humanised mice', including the use of immunocompromised mice harbouring human haematopoietic stem cells as recipients 48 or reconstitution with autologous peripheral blood mononuclear cells or tumourinfiltrating lymphocytes (TILs). 49 An alternative method is to genetically manipulate the host to express relevant human genes. 50, 51 For example, NSG-SGM3 mice represent immunodeficient mice engineered to express three human transgenes: stem cell factor, granulocyte/macrophage colony-stimulating factor and interleukin-3, thereby allowing long-term engraftment of human samples with expansion of human immune cells. 50 Ex vivo models Ex vivo models mostly represent so-called 'explant' models, whereby fresh, surgically resected tumour is used immediately for drug studies without deconstruction of the tumour. Tumour-derived explants have been used since the 1950s, but despite some successes, they have not been widely accepted in the drug development pipeline to date. Below is a summary of the PDE platform, with a focus on the advantages this platform offers compared with the aforementioned in vivo and in vitro approaches.
PDE CULTURES
A historical perspective A timeline of the development of PDE culture systems is illustrated in Fig. 2 . Three-dimensional culture systems from fresh animal tissues were first developed in the early 1950s and were based on Leighton's theory (1951) that 'spatial conditions encountered by animal cells is one of dense three-dimensional masses of cells with limits to migration, and with gradients of both diffusion of metabolites and of morphologic maturation'. 52, 53 Early observational studies using sponge-matrix animal histocultures showed maintenance of the in vivo architecture of advanced tumours from adenocarcinomas, ovarian cancers, teratomas, malignant melanomas, reticulum cell sarcomas, lymphosarcoma, ovarian papillary adenocarcinomas and hepatomas. 54, 55 The first human tumour histoculture studies were pioneered by Robert Hoffman et al. and involved the generation of tissue slices from tumours obtained directly from surgery that were then cultured for extended periods of time using specialised collagen gels. 56 This approach ensured that the stromal component within the TME remained intact. Cells were found to maintain properties of their in vivo state, including spatial organisation and differentiated cell function, and the growth of multiple cell types within a single tumour was observed. 56 Histocultures were soon adapted for use in drug studies for assessing chemotherapy responses and were subsequently termed the Histoculture Drug Response Assay (HDRA). 57, 58 HDRA studies reported an 86% accuracy in predicting drug resistance for stomach and colon cancer, 58 and a correlative HDRA clinical trial showed a 92.1% correlation rate for predicting drug resistance to clinical drug sensitivity in advanced gastric and colorectal cancers. 59 A number of studies applied the HDRA to the prediction of drug response in non-small-cell lung cancer (NSCLC) and also showed good predictability rates. [60] [61] [62] [63] [64] Different ex vivo culture methods have been developed over time by different research groups, such that there are many variables between reported methods. 65 For example, explants can be cultured using the submersion method, in which tissue is 3D culture of fresh animal tissues (Leighton 1951) 3D culture of fresh animal tumours (Leighton 1954) completely submerged in media in tissue culture dishes; by the grid method, in which tissue is kept in contact with media through a matrix or membrane supported by a plastic or metal grid; by the sponge method, in which tissue is cultured on a gelatine or collagen sponge that sits in media. Gelatine sponges have been pioneered by Butler et al. and are thought to be an advance as they can facilitate distribution of media, nutrients and drugs through the explants without having to submerge the tissue in media. 66, 67 Tissue may also be maintained as fragments or processed for generation of tissue slices of uniform 200-300 μm sections, which are then cultured. The latter approach may not only facilitate drug diffusion, but may also result in loss of some tissue integrity due to the increased set-up time.
A variety of endpoint assays have also been applied to the explant approach to quantitate responses to various chemotherapy regimens. Most studies involved enzymatic digestion of tumours, followed by assessment of cell viability or cytotoxicity using the MTT (3-(6)-2,5-diphenyltetrazolium bromide) assay, the lactate dehydrogenase (LDH) assay or the use of Alamar Blue™. 59, 60, [68] [69] [70] The MTT endpoint assay was most widely adopted for clinical correlation, and was used to develop an empirical value for HDRA responses to chemotherapy regimens. [59] [60] [61] 71, 72 Typically, mean data from four treated tumour culture wells were determined by calculating the spectrophotometric absorbance of MTT solution for both drug-treated and control tissue and adjusted for tumour weight, generating an inhibition rate as follows: inhibition rate (%) = (1−mean OD/weight of treated well/ mean OD/weight of control well) × 100.
Other studies used in situ approaches to assess drug responses, including autoradiographical assessment of nuclear incorporation of 3 H-thymidine or immunohistochemistry for cell death or proliferation markers. [56] [57] [58] 68 Modified versions of the HDRA also included assessment of specific immunohistochemical biomarkers, including those for phosphatidylinositol 3-kinase (PI3K)-AKT, pro-apoptotic regulators and novel drug-resistance genes such as class III β-tubulin. 64, 70, 73 Quantitative RT-qPCR has also been employed in more recent studies to screen for personalised biomarkers. 69, 70, 73, 74 Despite the evident success of the HDRA and other explant platforms in predicting patient responses to chemotherapy during the 1990s and 2000s, the platform has not been widely used since that time. The reasons for this are not entirely clear but may be related to the burgeoning use of cell line, organoid and PDX model systems, all of which can be propagated for longer periods of time. However, with the growing appreciation of the importance of the tumour microenvironment and tumour heterogeneity in tumour evolution and drug response, a more contextualised model system has been sought, hence the rejuvenation of the explant approach.
Recent advances in PDE-based platforms Majumder and colleagues have created the CANScript platform, in which freshly resected tumours are thinly sliced and cultured in tissue culture wells coated with a tumour matrix support, comprising tumour-stromal matrix proteins (TMP), in the presence of autologous serum derived from the same patient, creating a tumour ecosystem. 75, 76 They have used this platform with head and neck squamous cell carcinomas (HNSCC) and colorectal carcinomas (CRC) and evaluated responses to cytotoxic and targeted therapies by immunohistochemical assessment of cell death or proliferation biomarkers as well as pharmacodynamic biomarkers. 77, 78 Strong correlations between CANScript responses to cytotoxic drug regimens of docetaxel, cisplatin and 5fluorouracil (TPF) and the responses of PDX models derived from the same human tumour samples to the same chemotherapies were observed. Furthermore, following stratification of HNSCCs for KRAS mutation status, correlations between the CANScript and PDX responses were observed upon treatment with the epidermal growth factor receptor (EGFR) inhibitor cetuximab. The platform was also able to predict clinical non-response, partial response or complete response in the same patients treated with TPF. 75 On the back of these results with CANScript, an India-USA company has been formed, Mitra Biotech (www.mitrabiotech.com), which has the aim of personalising cancer treatment using PDEs.
An additional PDE platform developed by our own group uses an alternative approach, in which fresh NSCLC tumours are fragmented into 2-3 mm 3 explants and cultured on membranes at the air-liquid interface (Fig. 3 ). 79 PDE responses to the chemotherapy drug cisplatin showed a significant relationship with patient outcome, regardless of tumour stage. 79 In this study, endpoint analysis was performed by immunohistochemical assessment and quantitation of Ki67 staining as a proliferation marker and cleaved poly-ADP ribose polymerase PARP (cPARP) as a cell death marker, thus allowing spatial evaluation of drug responses. The same PDE approach has also been applied to breast cancer, 80 CRC 81 and mesothelioma. 82, 83 In the breast cancer study, PDE responses to the targeted therapy TRAIL were found to be more consistent with clinical trial data than 2D tumour model systems. 80, 84 The gelatine-sponge approach has proved successful for the culture of explants derived from breast and prostate tumours, 85 and has been applied to the testing of novel anti-cancer agents, 66, 67, 86, 87 development of biomarkers 87, 88 and for monitoring changes in the tumour microenvironment. 89 In these studies, the PDE approach contributed important information to show the effect of the PARP inhibitor ABT888 in suppressing tumour cell proliferation in human prostate cancers 86 and the effect of progesterone in inhibiting the proliferation of the oestrogenmediated growth of ERα + breast cancers. 87 In a separate study, Mariel et al. also examined changes in the TME in breast cancer explants in response to paclitaxel treatment and demonstrated decreased natural killer (NK) cell infiltration in resistant samples. 69 
Endpoint analysis
In addition to developments in the PDE platform itself, there have been key technical developments in endpoint analysis. Following drug treatment, two options are available for evaluation of biomarkers that measure drug response. Either the PDE can be homogenised, as is the case with the HDRA assay, or it can be retained intact and processed for spatial biomarker analysis. Once a PDE is homogenised, protein, DNA, RNA or metabolites can be isolated and measured using a variety of different approaches, such as mass spectrometry and transcriptomic, genomic or metabolomic profiling. New developments such as single-cell RNA sequencing also allow the longitudinal characterisation of changes within tumour cells themselves or in the TME following drug treatment. However, an advantage of spatial profiling is that it allows interrogation of the relationship between drug responses, tumour pathology and tumour heterogeneity within the same sample.
For spatial profiling, PDEs are processed for formalin fixation, paraffin embedding (FFPE) prior to the analysis of histological sections using immunostaining approaches. New technological developments in multispectral imaging have made it possible to not only study tumour cells but also differentiate cell types in the TME, including immune cells. Identification of immune-cell subsets within tissue often requires multiple markers for accurate phenotyping; consequently, traditional immunohistochemistochemistry (IHC) techniques, which typically only stain for one protein/marker at a time, are inadequate for this purpose. Multiple methods now exist for overcoming this limitation, each of which has its own pros and cons. The most conventional is to stain serial sections individually by IHC using different markers, image them and align the sections in silico. Whilst relatively inexpensive, the major drawback of this method is its failure to acquire colocalisation and co-expression information at the single-cell level, therefore making it unsatisfactory for immune-cell phenotyping.
An alternative method is to use tyramide signal amplification (TSA). This is a comparable technique to traditional IHC, whereby primary antibodies recognising the epitope of interest are applied to the sections followed by horseradish peroxidase (HRP)conjugated secondary antibodies and a final signal amplification step achieved via the covalent deposition of tyramide-conjugated fluorophores. [90] [91] [92] This final covalent linkage makes this method particularly suited to multiplexed imaging, as each primary/ secondary antibody complex can be stripped from the slide, typically by microwaving, and subsequent antibody-fluorophore pairs added sequentially. The additional benefit of this method is that as the fluorophore is covalently linked but the primary antibody removed, multiple primary antibodies of the same species can be used on one section. 93 This methodology, in combination with new whole-slide fluorescent scanners such as those from Akoya Bioscience (previously Perkin Elmer) and Hamamatsu, has made this approach more amenable to highthroughput drug discovery and translational research.
The use of multi-immunofluorescence (mIF) in cell phenotyping has now transitioned to the mainstream and been validated and employed by multiple laboratories. mIF opens up a wide range of analytical approaches for endpoint analysis, and in particular allows assessment of the effects of a therapeutic agent on specific cell types, stratifying outcomes in both tumour and non-tumour regions accordingly. An example of this approach is shown in Fig. 3 ; an antibody against a tumour marker such as a specific cytokeratin can be used to mask tumour regions. Cell death and proliferation responses can then be separately quantified in tumour and non-tumour areas by using antibodies against markers such as cPARP and Ki67, respectively. This type of analysis allows for the stratification of responders and nonresponders to a given therapy, as shown in Fig. 3 for an experimental compound. Incorporation of antibody staining for a specific pharmacodynamic marker allows validation of on-target effects of the therapy. We are currently using this empirical approach for assessing PDE drug responses in tumour and stroma regions.
Immune-cell profiling is particularly important in the context of analysing PDE responses to immunotherapies, and mIF allows for the tracking of multiple cell types simultaneously (Fig. 4a ). Parra et al. 94 used multiple mIF panels to identify immune-cell subsets in NSCLC, and subsequently demonstrated the expression of the immune-checkpoint protein programmed cell death ligand (PD-L1) in macrophages and malignant cells. Similarly, Park et al. 95 used the same methodology to evaluate whether TILs could be used to predict responsiveness to preoperative chemoradiotherapy in rectal cancers. By co-staining for CD4, CD8, PD-L1, FOXP3 and cytokeratin they were able to correlate TIL density to response.
In addition to raw immune-cell numbers, it is becoming increasingly clear that the localisation of immune-cell subsets in the TME also plays a critical role in drug response. Tumours can be separated into hot (immune infiltrates in the tumour core), cold Fig. 4 Multiplexed immunofluorescence. a A section of a PDE stained with DAPI as well as antibodies specific for immune cell markers (CD4, CD8, CD68 and FOXP3), PD-L1 and pan-cytokeratin followed by TSA-based fluorescent labelling is shown. This method allows for the characterisation of immune-cell subsets in the tumour microenvironment. b Measurement of inter-cell distances in PDEs pre-and post drug treatment. In this example, a melanoma PDE is analysed pre-and post-treatment with the anti-PD1 immunotherapy Nivolumab. To analyse inter-cell distances, PDEs are first stained with relevant cell markers such as tumour or immune-cell subsets followed by digital scanning of images (1) . Cells are then identified and phenotyped using Inform software, and distances calculated using the R programming environment (2) . The example shown in the histogram (3), indicates increased distance between CD8 + effector T cells and CD4 + FOXP3 + regulatory T cells (Tregs) following Nivolumab treatment, confirming on-target effects of this anti-PD1 immunotherapy within the PDE. These images are the authors' unpublished original data.
(showing no immune-cell infiltration) and immune excluded (immune cells aggregating at the tumour boundaries). 96 Using PDEs, it is possible to investigate whether, for example, following drug treatments, a tumour transitions from an immune-excluded phenotype to that of a 'hot' one and if this is predictive of patient drug response. Ongoing work in our laboratory is investigating the use of PDEs for this purpose and for the testing of immunotherapies. Encouraging in this regard is the observation that treatment of melanoma PDEs with the immune-checkpoint inhibitor (ICI) Nivolumab increases the distance between CD8 + effector T cells and CD4 + FOXP3 + regulatory T cells, confirming measurable biological effects of this anti-PD1 antibody in PDEs (Fig. 4b) .
By using PDEs, it is also possible to investigate drug penetrance using mass spectrometry imaging (MSI) such as matrix-assisted laser desorption/ionisation (MALDI)-MSI. Using this method, we have demonstrated that PDEs from cisplatin-resistant NSCLCs exclude the drug from tumour regions. 79 Using a similar method, Sørensen et al. were able to study the skin penetrance and distribution of drug compounds in a human skin explant model system. 97 Processing of PDEs for FFPE also does not preclude genomic or transcriptomic approaches being used for biomarker analysis. Next-generation sequencing of RNA or DNA isolated from FFPE tissue is now routinely performed and validated. 98, 99 Extraction of defined regions within PDEs using laser microdissection 100, 101 would also potentially allow correlation between genomic/transcriptomic heterogeneity and drug responses.
ADVANTAGES AND LIMITATIONS OF PDES
An overview of the major advantages and limitations of the PDE platform is provided in Box 1. The proven predictive nature of drug responses in patients is a significant advantage of the PDE platform compared with other preclinical platforms, particularly 2D cell lines and cell line-mouse xenograft models. Other advantages include the ability to culture the surrounding normal tissue in parallel to assess the on-target specificity of anti-cancer agents, and depending on the endpoint chosen, the potential to generate personalised data rapidly. The generation and culture of PDEs is also relatively inexpensive compared with the production and maintenance of mouse models or the isolation and culture of organoids, which often require costly cell culture reagents and matrices for their maintenance. However, perhaps the most outstanding feature is the fact that PDEs contextually preserve the original architecture of the tissue, thus allowing assessment of responses to agents that target the TME. 69, 89 There has been a desperate search for models that allow the testing and stratification of ICIs, such as monoclonal antibodies that target PD-L1 or its receptor. 16 These immunotherapies show unprecedented activity in a range of cancer types. However, not all patients respond, and side effects are common. Our preliminary data using PDEs (see Fig. 4b ) indicate patient-specific responses to immunotherapies, suggesting that this platform provides a unique opportunity to identify novel biomarkers of response that could be used to stratify patients.
A concern with the PDE platform is that drug diffusion/uptake may be inadequate throughout the sample. Our own work focussed on monitoring the distribution of drugs within samples by using MALDI-MSI and showed that in the case of cisplatintreated PDEs, platinum ions are distributed throughout samples that respond to the drug, in both tumour and stroma areas. 79 The fact that PDEs also show biological responses to immunotherapies (Fig. 4b) indicates that antibody-directed therapies also have sufficient access to the PDEs. However, drug diffusion/uptake will vary between different types of anti-cancer agents, whether they be small molecules, antibodies, nucleic acids or proteins, and this needs to be taken into account when considering whether to apply the PDE platform to the testing of a particular agent.
Another limitation of the PDE platform is that PDEs are only retained intact for short periods of time, typically for up to 72 h. Drug treatments need to be undertaken during a window of time between retention of the original tumour architecture and disintegration due to adaptation of the PDE to the culture environment. Analysis of drug responses also must take into account any impact of necrosis that occurs as a result of adaptation to the culture conditions. It is generally recommended that culture conditions are first optimised for any new tumour type under investigation by testing different media, serum and other additives. For example, we have found that the integrity of breast and endometrial tumours is improved if autologous serum is used in the culture media. However, extending the integrity of PDEs for much longer periods needs further research, possibly involving the development of scaffolds or perfused channels to prolong the 3D architecture of the original tumours. Finally, some tumours are too intrinsically necrotic to be amenable to PDE culture (estimated at < 20%), 79 although this feature would also prohibit PDX and organoid derivation. Overall, while the PDE approach allows assessment of intrinsic sensitivity or resistance of tumours to various anti-cancer agents, the fact that integrity is lost over time using present culture methods prohibits use of the platform for studying the mechanism(s) of acquired drug resistance or invasion and metastasis.
CONCLUSIONS AND FUTURE PERSPECTIVES
In summary, our view is that no preclinical model can fully recapitulate the complexity of tumours within patients or the physiological parameters determining intrinsic and acquired drug responses. Therefore, the best approach is to use a combination of models to gain the most insightful information on tumour drug responses, drug metabolism, pharmacodynamic biomarkers etc. prior to clinical translation. PDE culture systems have been in existence since the 1950s, but despite strong evidence for their clinical predictivity, they have not been widely incorporated into the cancer drug development pipeline. Here, we have presented strong evidence that PDEs should be resurrected as a powerful preclinical platform for generating proof-of-concept information. By doing so, PDEs would provide a robust rationale for the continuation or discontinuation of a compound, thus reducing the high attrition rate currently observed in anti-cancer drug development.
Box 1. Advantages and limitations of patient-derived explant cultures
